ABSTRACT In this paper, a compact broadband and wide beam circularly polarized (CP) antenna are with novel vertical plate structure is proposed. The antenna is composed of two pairs of crossed dipoles, a slotted ground plane with four vertical right-angle plates and four shorted vertical plates. The shorted vertical plates are introduced to balance the current between the dipoles and the slotted ground. With this structure, the performance of bandwidth and beamwidth is improved significantly, and a good match is achieved. Also, a simple coaxial feed is applied without other feed networks. A prototype is fabricated and measured. The results show that the proposed antenna has a −10 dB impedance bandwidth of 92.6% and a 3 dB axial ratio (AR) of 71.8%. Simultaneously, a half-power beamwidth (HPBW) more than 120 • and a 3-dB axial ratio beamwidth (ARBW) more than 100 • are achieved within a passband of 62.8%. The antenna patterns are identical and symmetrical within the 120 • beam range over the operating frequency. Moreover, the antenna has a compact size of 0.4λ 0 × 0.4λ 0 × 0.15λ 0 .
I. INTRODUCTION
CP antennas are increasingly attractive in various modern wireless communications, such as the Global Positioning System (GPS) and global navigation satellite systems (GNSSs), due to the reduction in multipath interferences and the flexibility in the orientation angle between the transmitter and receiver. As one of the GNSSs, BeiDou Navigation Satellite System (BDS) can quickly and accurately locate equipment terminals to provide all weather, real-time location services for users in the work area. And in the BDS, the ground user application system requires the antenna to have compact wideband and widebeam characteristics. Therefore, design of a compact broadband and wide beam circularly polarized antenna is necessary. For CP antennas, inherent narrow bandwidth and beamwidth have become an annoying concern. By a pair of crossed λ/2 dipoles with equal currents in phase quadrature, a CP antenna with wideband can be achieved [1] . And crossed dipole antenna has been investigated in many literatures.
To broad the impedance bandwidth, some methods for crossed dipoles have been reported. Related to structures of radiation crossed dipoles, rectangular patches [2] , stepped rectangular patches [3] , elliptical dipoles [4] , bowtie
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dipole [5] , crossed triangular bowtie dipoles [6] , are proposed. Related to coupling parasitic elements, parasitic loops [7] , asymmetrical cross-loop [8] , and parasitic elements [6] , are reported. Especially, based on the phase line technique [9] , the parasitic elements are equal to a new pair of crossed dipoles and consequently the beam of the antenna can be broadened in the large inclination angle.
To achieve wide beam characteristic, strategies typically taken for crossed dipole antenna are complementary concept [10] . A CP antenna composed of two bowtie patch antennas and two electric dipoles is proposed to achieve a wide ARBW [11] . And the bandwidth is enhanced simultaneously [12] .
Based on the above researches, a compact wide circularly polarized crossed dipole antenna with broad beamwidth is proposed [13] . A −10 dB impedance bandwidth and a 3 dB AR bandwidth are 88.4% and 73.1%, respectively. But the bandwidth of the 3 dB ARBW more than 120 • is only 37.5% in H-plane while 63.1% in E-plane. A crossed dipole loaded with magneto-electric dipole is proposed for wideband and wide-beam circularly polarized radiation [14] . The bandwidth of the 3 dB ARBW more than 165 • is 60%, however, the performance of impedance and AR bandwidths is not satisfied. A wideband and wide beamwidth CP antenna based on complementary concept is investigated in [15] . The antenna has a −10 dB impedance bandwidth of 78.3% and a 3 dB AR bandwidth of 63.4%. To summarize, the performance of bandwidth and beamwidth is not satisfied simultaneously in above designs.
To enhance the performance of bandwidth and beamwidth further and make antenna matching better, a new structure is proposed in this paper. By attaching shorted vertical plates, a −10 dB impedance bandwidth is broadened to 92.6% and the match is better with a −15 dB impedance bandwidth of 86.4%. And the antenna has a 3 dB AR bandwidth of 71.8%. Simultaneously, a HPBW more than 120 • and a 3 dB ARBW more than 100 • are achieved within a passband of 62.8%. The performance of the proposed antenna compared with the reported designs is shown in Table 1 . Compared with the designed antenna in [13] , the proposed antenna has the ARBW more than 100 • in E-and H-plane over the operating frequency. The antenna has a better HPBW bandwidth performance than that in [14] . And the proposed antenna has an about ten percent wider bandwidth than the reported antenna in [15] . To verify the validation of the design, a prototype was fabricated. The reflection coefficient, AR, realized gain and radiation pattern were simulated by ANSYS HFSS and verified by measurements. The organization of this paper is as follows. Antenna design is given in Section II. Simulation and measured results are demonstrated in Section III. Finally, a conclusion is drawn in Section IV.
II. ANTENNA DESIGN A. ANTENNA CONFIGURATION Fig. 1 shows the configuration of the proposed CP antenna. The antenna consists of two pairs of crossed dipoles, a slotted ground with four right-angle plates and four shorted vertical plates. As shown in Fig. 1(a) , each dipole is crossed perpendicularly and the length is λ g /4. A dielectric substrate with ε r = 3.38 and h 0 = 0.8 mm is applied. The axial arms are printed on the top and bottom surfaces of the dielectric substrate. The adjacent arms on the same layer are connected through a λ g /4 phase shifting ring. By connecting the upper and lower rings, respectively, to the inner and outer conductors of the coaxial cable, a 90 • phase difference is realized. The diagonal arms are printed on the bottom surface of the dielectric substrate. As Fig. 1(b) shown, four slots are etched on the ground plane with a width of b and a length of a. As shown in Fig. 1(c) , the slotted square ground plane with side length g is located at a distance of h below the crossed dipoles. Each vertical right-angle plate is along the corners of the square substrate and connected to the diagonal dipoles and the slotted ground. And the ground plane is soldered to the outer conductor of the feeding cable. All of the optimized parameters are listed in Table 2 . 
B. ANTENNA MECHANISM
To clarify the significance of the research, the antenna without and with shorted vertical plates is investigated. The optimized parameters of the antenna are the same as in Table 1 . The simulated impedance bandwidth and AR are shown in Fig. 2. From Fig. 2(a) , it can be concluded that with the shorted vertical plates, the impedance bandwidth is mainly broadened at low frequency and the −15 dB impedance bandwidth is 1.15-2.95GHz. The impedance match is enhanced significantly. Fig. 2(b) shows the 3 dB AR bandwidth is improved to 1.25-2.65GHz with the shorted vertical plates.
For the dominant TM 010 mode, the resonant frequency of the microstrip antenna is a function of its length l [16] . It is given by
where c is the speed of light in free space, l = λ/2 for dominant TM 010 mode with no fringing, ε r is the dielectric constant of the substrate. While l 1 = 25.8 mm, it can be calculated from (1) that the resonant frequency is around 1.8 GHz. And Fig. 3 shows the current distributions at 1.8 GHz. As Fig. 3(a) shown, the currents at 1.8 GHz concentrate on y-directed dipole at t = 0, T/2, where on the x-directed dipole at t = T/4, 3T/4. Therefore, a RHCP is realized in the broadside direction. With reference to Fig. 3(b) , a RHCP is radiated by the slotted ground in the broadside direction similarly. With λ g /4 shorted vertical plates to balance the currents on the dipoles and the slotted ground plane, the RHCP radiations strengthen each other in the broadside direction. It can be seen from Fig. 3(b) that the currents on the vertical right-angle plates provide the vertical electrical fields as the monopoles do and there is a 90 • phase difference among them. By combining the dipoles and the slotted ground properly, the antenna is equivalent to electrical dipoles and magnetic monopoles as Fig. 4 shows. Base on complementary concept, the HPBW and 3 dB ARBW of the proposed antenna are enhanced significantly.
While the resonant frequency increases, the l will be decreased. Fig. 5 shows the current distributions at 2.3 GHz. And the current distributions at 2.3 GHz verify the previous analysis. Hence wide HPBW and 3 dB ARBW are achieved by the proposed structure.
Based on the analysis and design, a wide beam CP antenna is produced as Fig. 6 shows. Fig. 6 shows the HPBW and 3 dB ARBW of the proposed antenna. The HPBW is more than 120 • and identical in E-plane (ϕ = 0 • ) and H-plane (ϕ = 90 • ) over the whole operating band. And the ARBW is more than 100 • from 1.3 GHz to 2.4 GHz in E-plane (ϕ = 0 • ) and H-plane (ϕ = 90 • ). [9] . Based on phase line technique, the parasitic elements can be seen as another pair of crossed dipoles. Therefore, the 3-D radiation beam is enhanced significantly and a wide band is achieved by the proposed antenna.
III. SIMULATED AND MEASURED RESULTS
For validation, a prototype was fabricated and measured as shown in Fig. 8 . The parameters of the prototype are the same as in Table 1 . In this prototype, the crossed dipoles are fabricated on a PCB with h 0 = 0.8 mm and ε r = 3.38, whereas the vertical plates, the strips and the slotted ground plane are fabricated by copperplate. They are then fitted together by the soldering process. In this paper, the reflection coefficient was measured with a network analyzer, and the AR, realized gain and radiation pattern were achieved by the antenna near-field measurement system as shown in Fig. 8(b) . Fig. 9 shows the simulated and measured reflection coefficient, AR and realized gain of the prototype. Between the simulation and measurement, reasonable agreement is obtained. The small discrepancy is mainly caused by the fabrication errors and experimental imperfections. In Fig. 9(a) , the simulated and measured −15 dB impedance bandwidths are 87.8% (1.15-2.95GHz) and 86.4% (1.15-2.9GHz), respectively. As shown in Fig. 9(b) , the simulated and measured 3 dB AR bandwidths are 71.8% (1.25-2.65GHz) and 73.9% (1.22-2.65GHz). An overlapping band of 71.8% (1.25-2.65GHz) is achieved. Fig. 9(c) shows that the simulated and measured realized gain is more than 0 dB from 1 GHz to 2.4 GHz.
The simulated and measured radiation patterns of the proposed antenna at different frequencies 1.3, 1.8 and 2.3 GHz are shown in Fig. 10 . Stable radiation patterns are observed across the whole operating band. The right-hand CP (RHCP) is 15 dB stronger than left-hand CP (LHCP) in the 120 • beam range. Besides, HPBW is more than 120 • at 1.3 GHz, 1.8 GHz, 2.3 GHz. And the back radiation of the LHCP fields is a little large, caused by the slotted ground plane and the parasitic elements.
IV. CONCLUSION
A compact broadband and wide beam circularly polarized antenna is proposed in this paper. Based on the complementary antenna concept, radiation patterns can be equalized and symmetrical in the principal plane over the whole operating band. By introducing the shorted vertical plates and etching slots, the bandwidth and beamwidth performance of the antenna, is enhanced significantly. And a prototype was fabricated to validate the design. A −10 dB impedance bandwidth of 92.6% (1.15GHz-3.1 GHz) and a 3dB axial ratio bandwidth of 71.8% (1.25 GHz-2.65 GHz) are achieved. The HPBW and 3dB ARBW are more than 120 • and 100 • over the whole operating band, respectively. The advantages of broadband CP characteristics with stable wide beam radiation patterns make it a competitive candidate for the ground user application system of the GNSSs.
